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We report systematic 31P-NMR study on iron (Fe)-based superconductors SrFe2(As1−xPx)2
(Sr122AsP), in which a superconducting (SC) transition temperature Tc at x=0.35 increases from
Tc=26 K up to 33 K by annealing an as-grown mono-crystalline sample. The present NMR study
has unraveled that Tc reaches a highest value of 33 K at x=0.35 around a quantum critical point at
which antiferromagnetic (AFM) order disappears. When noting that the SC transition disappears
at x=0.6 where the AFM spin fluctuations (SFs) are no longer present, we remark that the onset
and increase of Tc are apparently associated with the emergence and enhancement of AFM-SFs,
respectively. In the SC state, the residual density of state (RDOS) at the Fermi energy EF in the
SC state becomes much smaller for the annealed sample than for the as-grown one, suggesting that
some inhomogeneity and/or imperfection for the latter increases RDOS as expected for unconven-
tional SC state with nodal gap. These findings in Sr122AsP are consistent with the unconventional
s±-wave Cooper pairing state that is mediated by AFM-SFs. We also discuss other key-ingredients
besides the AFM-SFs to increase Tc further.
I. INTRODUCTION
The discovery of iron (Fe)-based superconductor has
triggered numerous research works on Fe-based layered
compounds with various chemical composites and dif-
ferent blocking layers.1 However, the diversity of exper-
imental results on superconducting (SC) and normal-
state properties prevents us from coherently understand-
ing their SC characteristics and getting some insight into
a promising mechanism to reach a highest SC transition
temperature of Tc= 55 K. It is known that the high-
est Tc states in these doped compounds are character-
ized by the optimum height of pnictogen (Pn) from Fe-
plane hPn = 1.35 ∼ 1.38A˚2 and the optimum Pn-Fe-Pn
bonding angle α ∼109.5◦ of regular tetrahedral FePn4.3
The highest Tc in RFeAs(O,F)(denoted as R1111OF)
with R=Nd and Sm takes place when antiferromagnetic
(AFM) order is suppressed by varying the valence of di-
valent iron Fe2+ of Fe-pnictogen layer, i.e. doping elec-
trons through the substitution of monovalent fluorine
F1− for divalent oxygen O2−. The isovalent substitu-
tion of P for As in the FeAs layer keeping Fe2+ also
replaces an AFM parent compound to a superconduc-
tor even though the tetrahedral parameters are deviated
from the optimal ones. In these compounds, it should be
noted that hPn is a key parameter to evolve from an AFM
phase to two types of SC phases: The AFM order takes
place for 1.32A˚< hPn <1.42A˚, the nodeless SC state for
hPn >1.42A˚ and the nodal SC one for hPn <1.32A˚.
4
With respect to isovalent-substitution compounds such
as MFe2(As1−xPx)2 with M=Ba, Sr or Ca (denoted
as M122AsP hereafter), the superconductivity with
Tc ∼30 K in Ba122AsP5–13 and Sr122AsP14–20 takes
place around a quantum critical point (QCP) at which
AFM order disappears, exhibiting a nodal-gap structure.
This is empirically understood because their hPns are
smaller than 1.32A˚.4,8 Note that the lattice parameter
along the c-axis in Sr122AsP is smaller than that in
Ba122AsP due to the ion radius smaller for Sr than for
Ba, giving rise to a significant deformation in the Fermi
surface topologies.21 Nevertheless the phase diagram of
AFM and SC phases in Sr122AsP14,16 resembles that in
Ba122AsP.5 Furthermore, it was reported that the Tc
for SrFe2(As1−xPx)2 at x=0.35 increases from Tc ∼26 K
up to 33 K by annealing the as-grown mono-crystalline
sample.16
Motivated by the diversity of these experimental re-
sults on the AFM and SC properties in M122AsP, in
this paper, we report systematic 31P-NMR study on
the AFM and SC properties in SrFe2(As1−xPx)2. The
present study has revealed that Tc becomes a maxi-
mum at x=0.35 around which the AFM order disap-
pears, and that the large reduction of residual density
of states (RDOS) at the Fermi energy EF takes place
for the annealed one. The latter result means that Tc
increases from 26 K up to 33 K as a result of the re-
duction of RDOS, where the defects are reduced by an-
nealing. These experimental findings reveal that the un-
conventional s±-wave Cooper pairing state is realized in
Sr122AsP, which is mediated by the AFM-SFs.22,23 We
also discuss other key-ingredients besides the AFM-SFs
to increase Tc further, in comparison with the higher Tc
Fe-pnictides.
II. EXPERIMENTAL
Mono-crystalline samples of SrFe2(As1−xPx)2 were
synthesized by self-flux method.15,16 We performed 31P-
NMR measurements for x=0.1, 0.2, 0.28, 0.35, 0.5, 0.6,
2and 1.0 at an external field B0 ∼ 11.95 T perpendicular
to the c-axis using the aligned mono-crystalline samples.
The Knight shift 31K was determined with respect to
a resonance field in H3PO4. Nuclear spin-lattice relax-
ation rate 1/T1 was obtained from the recovery of nuclear
magnetization by fitting to a simple exponential recov-
ery curve of m(t) = [M0 −M(t)]/M0 = exp(−t/T1) for
31P(I = 1/2) at B0 ∼11.95 T. Here M0 and M(t) are the
respective nuclear magnetizations of 31P for the thermal
equilibrium condition and at a time t after the saturation
pulse.
III. RESULTS
A. Normal-state properties in SrFe2(As1−xPx)2
Figures 1 (a) and 1(b) show the respective temperature
(T ) dependencies of Knight shift K and 1/T1T of
31P-
NMR for Sr122AsP. The Knight shift K(T ) comprises
the spin shift Ks and the chemical shift Kchem. Ks is
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FIG. 1: (Color online) (a) T dependence of Knight shift
for 0.1≤ x ≤1.0 of SrFe2(As1−xPx)2. (b) T dependence of
31P-NMR (T1T )
−1, along with the data on x=0 obtained
by 75As-NMR.27. (c) Plots of
√
(1/T1T )0 versus
31K for
T > 220K. Both data for Sr122AsP and Ba122AsP7 are on a
linear relation of
√
(1/T1T )0 = Kchem+Ks with Kchem ∼0.04
(±0.01)%. Note that the Kchem of Sr122AsP coincides with
those of Ba122AsP7 and LaFe(As1−xPx)O (La1111AsP).
24,25
given by Ks =
31Ahf(q=0)χ0 ∝31Ahf(q=0)N(EF), using
the static spin susceptibility χ0 and the density of states
(DOS) N(EF) at EF. As seen in Fig.1(a), K(T )s for
all the samples stay constant in the normal state and a
magnitude gradually decreases with increasing x.
By contrast, the 1/T1T s for x ≤ 0.5 in Fig. 1(b) de-
velop markedly upon cooling irrespective of either the
AFM or SC samples, probing the development of AFM
spin fluctuations (SFs). The 1/T1T is generally described
as, 1/T1T ∝
∑
q
|Ahf(q)|2χ′′(q, ω0)/ω0, where Ahf(q) is
a wave-vector q-dependent hyperfine-coupling constant,
χ(q, ω) a dynamical spin susceptibility, and ω0 an NMR
frequency. Since the 1/T1T in Sr122AsP stays constant
as temperature goes up in T -range higher than 200 K,
we assume that 1/T1T is decomposed as,
1/T1T = (1/T1T )AFM + (1/T1T )0,
where the first term is a contribution relevant with AFM-
SFs at a finite wave vector with either QAF=(0,pi) or
(pi,0). This (1/T1T )AFM significantly develops upon cool-
ing. (1/T1T )0 is a q-independent contribution dominated
by single-particle excitations near EF. It is hence antic-
ipated that Ks ∝ N(EF) is proportional to
√
(1/T1T )0
since the Korringa’s relation (1/T1T ) ∝ N(EF)2 holds.
Figure 1(c) shows a plot of
√
(1/T1T )0 vs K using the
data at T ≥220 K for various samples, pointing to a linear
relation of
√
(1/T1T )0 = Kchem +Ks with Kchem ∼0.04
(±0.01)%. The Kchem of Sr122AsP coincides with those
of Ba122AsP7 and LaFe(As1−xPx)O (La1111AsP).
24,25
Here we assume that the (1/T1T ) is mostly dominated
by (1/T1T )0 at T ≥220 K for x ≥0.1.
B. Evolution of electronic state and AFM-SFs in
the phase diagram of SrFe2(As1−xPx)2
Figure 2(a) presents the phase diagram of AFM and
SC states against P concentration x in SrFe2(As1−xPx)2.
Here the contour of (1/T1T )AFM in the normal state is
plotted against x.16 In order to shed light on an evolution
of electronic state as x increases, we have examined the x
dependence of N(EF), which can be evaluated from Ks
in the normal state using both the relations of Ks(x) =
K(x)−Kchem(= 0.04%) and Ks ∝31Ahf(q=0)N(EF). As
shown in Fig. 2(e), N(EF) gradually decreases with in-
creasing x due to a possible increase of the bandwidth
with x in Sr122AsP, since the P substitution shortens
both the Fe-Fe and Fe-Pn bonding lengths.
Next we compare this P-substitution change in N(EF)
with those of Ba122AsP and La1111AsP as in Fig.
2(b). Note that the Ks ∝31AhfN(EF) for Sr122AsP
is roughly 1.4 times larger than that of Ba122AsP
over the whole samples. When assuming that a ratio
(31ASrhf/
31ABahf ) is the same as (
75ASrhf/
75ABahf ) ∼ 1.1,26,27 the
ratio N(EF)
Sr/N(EF)
Ba is estimated to be ∼1.3, which
is in accord with a value estimated from the band calcu-
lation for MFe2As2(M=Ba,Sr).
29 This is considered be-
cause the Fermi surface along the kz direction is more sig-
3FIG. 2: (Color online) (a) Phase diagram of AFM and SC
states against P concentration x in SrFe2(As1−xPx)2 along
with the contour plot of (1/T1T )AFM in the normal state.
16
TN is determined by the rapid decrease of NMR intensity due
to the broadening in association with the onset of AFM order.
Ts is the structural transition temperature estimated from the
anomaly in resistivity.16 The parameters of (b) θ, (c) a and
(d) b deduced from the simulation of 1/T1T = a/(T+θ)+b to
the data of 1/T1T in Fig. 1(b). Here, a
∗(Ba) was evaluated
from a(Ba)7 using the ratio of (ASrhf/A
Ba
hf )
2 for quantitative
comparison with Sr122AsP. (e) x dependence of Ks ∝ N(EF)
in the normal state along with the data of Ba122AsP7 and
La1111AsP.25 (f) Plot of
√
b versus KNs (T → 0) for Sr122AsP
and Ba122AsP.7
nificantly warped for Sr122AsP than for Ba122AsP, that
induces the larger DOS at EF.
21 By contrast, the N(EF)
in La1111AsP increases markedly for x > 0.6,25,30 since
the Fermi surface originating from 3dz2 orbital gives rise
to a large peak of N(EF) for x > 0.6.
Although K(T ) for all the samples stays constant in
the normal state, (1/T1T )s for 0.1≤ x ≤ 0.5 are markedly
enhanced due to the development of low-energy AFM-
SFs upon cooling as seen in Fig.1(b). According to the
previous studies on Fe-pnictides,4,6,17,24,28,51,55,56 we as-
sume two-dimensional (2D) AFM-SFs model that gives
the relation of (1/T1T )AFM ∝ χQ(T ) ∝ 1/(T + θ) if
a system is close to AFM QCP at which AFM order
collapses.31 Here, the staggered susceptibility χQ(T ) with
a wave vector q=QAF follows the Curie-Weiss law. The
θ is a measure of how close a system is to the AFM
QCP and hence (1/T1T )AFM at θ = 0 diverges towards
T → 0. As shown by the solid curves in Fig. 1(b), the
T dependence of 1/T1T for 0 ≤ x ≤ 0.5 can be repro-
duced by the relation of 1/T1T = a/(T + θ) + b. Here,
(1/T1T )AFM ≡ a/(T +θ) and (1/T1T )0 ≡ b. Figure 2(a)
shows the contour plot of (1/T1T )AFM against x, which
presents how the AFM-SFs develop in the x-T plane.
The TN in the figure is determined by the rapid decrease
of the NMR intensity, which was slightly lower than the
structural transition at Ts determined by the anomaly in
resistivity.16 The fitting parameters θ, a, and b for each
x are summarized in Figs. 2(b), 2(c), and 2(d), respec-
tively. Most remarkably, at x ∼0.35 θ approaches to zero,
indicating that the AFM-SFs are critically enhanced to-
wards T → 0. Note that the θ markedly increases in
going from x=0.35 to 0.6 as AFM-SFs become weak,
and no trace of AFM-SFs was seen at x ≥0.6, where the
Curie-Weiss term (1/T1T )AFM is not resolved. Hence it
is noteworthy that the onset and increase of Tc are appar-
ently associated with the emergence and enhancement of
AFM-SFs, respectively.
The parameter a is a measure of the spectral weight
of AFM-SFs at q=QAF at low energies, that is,
χ(Q,ω0)/ω0|ω0→0. When a∗(Ba) was evaluated from
a(Ba)7 using the ratio of (ASrhf/A
Ba
hf )
2, the a(Sr) and
a∗(Ba) at x=0.35 for both the compounds are estimated
to be comparable. On the other hand, as shown in Fig.
2(d), the value of b(Sr) is much larger than b∗(Ba). When
noting that (1/T1T )0 ∝ K2s , the plot of
√
b vs Ks reveals
a linear relation for Sr122AsP and Ba122AsP as indi-
cated in Fig. 2(f), demonstrating that the b in the rela-
tion 1/T1T = a/(T + θ) + b is in proportion to N(EF)
2
in fact.
C. Evidence for unconventional SC properties
The Tc at x=0.35 is significantly enhanced from 26 K
up to 33 K by annealing the as-grown sample.16 As indi-
cated in Fig. 3(a), the 31P-NMR spectra are narrower for
the annealed one than for the as-grown one due to the
better homogeneity for the former. This is also the case
in the comparison with the 75As (I=3/2)-NMR spectra in
Fig. 3(b). These NMR spectra may indicate that the ho-
mogeneity of the electronic states and/or local structure
of FePn tetrahedron are improved through the annealing
process of the sample.
Next we deal with the annealing effect on the SC
properties of Sr122AsP at x=0.35. Figure 3(c) shows
plots of 31P-NMR 1/T1T versus T/Tc for Sr122AsP along
with the result for Ba122AsP at x=0.33 (square mark)6
with Tc=30 K and Ba0.6K0.4Fe2As2(BaK122)
34 (triangle
mark) with Tc=38 K. The 1/T1T s for Sr122AsP decrease
steeply below Tc without the coherence peak and follow
a constant behavior below T/Tc <0.5 at respective fields
4FIG. 3: (Color online) (a) 31P- and (b) 75As-NMR spectra
for the annealed and as-grown samples of x=0.35 at T=70
K and B0 ∼11.95 T perpendicular to the c-axis. (c) Plots
of
√
(1/T1T )/(1/T1T )T=Tc = Nres/N0 versus T/Tc for the
as-grown sample (black circle) and the annealed one (red cir-
cle and cross), along with the results for Ba122AsP (square
mark)6 and BaK122(triangle mark).34
B0 = 14 T and 12 T for the as-grown (black circle)
17
and annealed (red circle and cross mark) samples. The
values of 1/T1T normalized by the value at Tc remain
a finite. The previous work on the as-grown sample re-
vealed that although it shows a weak B0 dependence, it
still remains a finite even in a low B0 limit at T ∼ 0.2Tc,
pointing to a gapless SC state dominated by a large con-
tribution of low-lying quasiparticle excitations at EF.
17
By contrast, the 1/T1T in BaK122 follows the power-law
T dependence without any constant behavior even un-
der the high external field (12 T), which was consistently
accounted for by the fully-gapped s±-wave model.
34 As
for the case of the gapless SC state, the 1/T1T is related
to the square of RDOS at EF Nres(EF)
2, and hence the
fraction of RDOS (Nres/N0) to a normal-state DOS N0
is given by
√
(1/T1T )/(1/T1T )T=Tc . Using this relation,
Nres/N0=0.56, 0.66 and 0.72 were evaluated in the pre-
vious work for the as-grown one at respective magnetic
fields B0=1, 2.9 and 14 T
17, which was corroborated by
the specific-heat measurements, deducing a comparable
magnitude of RDOS at the same field. These values are
much larger than Nres/N0 ∼0.34 at B0 ∼ 4 T for the
nodal-gap state in Ba122AsP6 and Nres/N0=0 for the
fully gapped state in BaK122.34
As seen in Fig. 3(c), the 1/T1T for the annealed
one decreases steeply without the coherence peak below
Tc(B0) ∼30 K under B0 = 11.95 T, followed by the con-
stant behavior below T/Tc < 0.5 as well as for the as-
grown one. Note here that a single component of T1 in the
normal state is deduced from the nuclear relaxation curve
m(t) = [M0 −M(t)]/M0 = exp(−t/T1) for 31P(I = 1/2).
On the other hand, the nuclear recovery curve with a mul-
ticomponent of T1 is assumed in the SC state well below
Tc as m(t) = [M0 − M(t)]/M0 =
∑
i Ai exp(−t/T1i).
This distribution in T1 may be attributed to the spa-
tial distribution of electronic states in the vortex state.
Here we assume tentatively a two-component model with
T1S and T1L. The respective values of N
S
res/N0 and
NLres/N0 are estimated to be 0.56 and 0.2 from 1/T1ST
and 1/T1LT . Namely, the result demonstrates that the
respective fractions of RDOS at 31P site around and far
from vortex cores are spatially distributed from 0.56 to
0.20. The RDOS may be largely induced in the vicinity
of the vortex cores where the order parameter is remark-
ably depressed. We note that NLres/N0 ∼0.2 far from the
vortex cores is roughly consistent with Nγeres/N0=0.18 es-
timated from the residual electronic specific heat Nγeres at
low T limit at zero field without the vortices.16
As a result, the increase of Tc at x=0.35 from Tc=26 K
to 33 K is attributed to the reduction of the lattice defects
by annealing the as-grown mono-crystalline sample. This
is inconsistent with the case of an isotropic conventional
s-wave SCs, where nonmagnetic scatterers like lattice de-
fects does not suppress Tc, which is known as Anderson’s
theorem. The RDOS at EF in the SC state of Sr122AsP
becomes much smaller for the annealed mono-crystalline
sample than for the as-grown one, suggesting that some
inhomogeneity and/or imperfection increase the RDOS
within some of the multiple SC gaps with nodes. This is
consistent with the case expected for unconventional s±
wave SC state with nodal gap36.
IV. DISCUSSION
The present NMR study has unraveled that Tc reaches
the highest value of 33 K at x=0.35 in the presence of
the enhanced AFM-SFs around QCP, and no SC tran-
sition takes place for the sample at x >0.6 without any
trace of AFM-SFs. Consequently, the onset and increase
of Tc are apparently associated with the emergence and
enhancement of AFM-SFs in the vicinity of AFM order,
respectively. In this section, we discuss the relationship
between the electronic states and the local lattice param-
eters of Fe-Pn layer.
Figure 4(a) indicates the AFM/SC ground states plot-
ted as functions of hPn and the inplane Fe-Fe dis-
tance (aFe−Fe) for Sr122AsP, along with the data on
the various isovalent-substitutied Fe-pnictides4, which
are characterized by Fe2+ state. The phase bound-
ary between the AFM and the nodal SC phases ap-
pears at hPn ∼1.32A˚ for Sr122AsP. The similar phase
transition occurs at the same hPn in the isovalent Ru-
substituted series Sr(Fe,Ru)2As2
37, even though the
substituted atomic site and aFe−Fe differ significantly
from those of Sr122AsP. This trend is widely seen not
only in BaFe(As,P)2
5 and Ba(Fe,Ru)2As2
38–40, but also
5FIG. 4: (Color online) (a) Ground states of isovalent
substituted Fe-pnictides plotted as functions of hPn and
the inplane Fe-Fe distance aFe−Fe. The filled and empty
symbols denote the AFM ordered phase and the SC
phase, respectively, for SrFe(As,P)2
16, Sr(Fe,Ru)2As2
37,
BaFe(As,P)2
5, Ba(Fe,Ru)2As2
38–40, LaFe(As,P/Sb)O25,41–43,
and Ca4Al2O6Fe2(As,P)2
4,44. Plots of (b) Tc and (c) θ ver-
sus pnictogen height hPn for Sr122AsP and Ba122AsP. Here
the broad line is the hPn dependence of Tc with respect
to various doped Fe-pnictides reported by Mizuguchi et al.2
Empty symbols are plots of Tcs of some doped Fe-pnictides
revealing Tc higher than the maximum of Tc at QCP around
hPn ∼ 1.32A˚: These samples are the electron-doped Sm-
FeAs(O,F) (Tc ∼55 K),45 the Ca4(Mg0.25Ti0.75)3O7.5Fe2As2
(Tc ∼45 K),46 the Sr4(Mg0.3Ti0.7)2O6Fe2As2 (Tc ∼34 K),49
the Ca0.88La0.12Fe(As0.9Sb0.1)2 (Tc ∼47 K),47 and the hole
doped BaK122 (Tc ∼38 K).48 (d) T dependence of 31P-NMR
(T1T )
−1 in the normal state for Sr122AsP with Tc=33 K and
Ba122AsP with Tc=30 K,
7 along with 57Fe-NMR (T1T )
−1
of hole-doped BaK122 with Tc=38 K that is the highest Tc
among 122 compounds.34 The data of BaK122 with optimum
hPn deviate below ∼70K from the solid curve that assumes
the simple Curie-Weiss law 1/T1T = a/(T + θ) + b.
in LaFe(As,P/Sb)O25,41–43, Ca4Al2O6Fe2(As,P)2
4,44, as
shown in Fig. 4(a). Figures 4(b) and 4(c) present
the Tc and θ versus hPn for Sr(Ba)122AsP, respec-
tively. It is noteworthy that the θ ∼ 0 appears around
hPn ∼1.32A˚ both for Sr122AsP and Ba122AsP, although
the TN of the parent compound SrFe2As2 is much higher
than that of BaFe2As2. These results suggest that
the pnictogen height is a dominant factor to determine
the phase boundary between AFM order and nodal SC
phases in the isovalent substitution compounds4.
Next we address on additional key-factor to raise
Tc further in Fe-based pnictides, including the extra
electron- or hole-doped compounds. The role of AFM-
SFs for enhancing Tc has been widely recognized in
various Fe-pnictides such as Ba(Fe,Co/Ni)2As2,
28,50,
Fe(Se,Te),51,52 BaFe2(As,P)2,
7, Na(Fe,Co)As,53
LaFe(As,P)(O,F),24,54,55 and so on. The highest Tc state
of Fe-pnictides emerges at Tc ∼ 55 K for the electron-
doped R1111OF45, as the result of the depression of the
AFM order by the extra electron doping through the sub-
stitution of F1− for O2−. As plotted in Fig. 4(b), some
samples such asR1111OF, electron-doped perovskite-
block-type compound Ca4(Mg0.25Ti0.75)3O7.5Fe2As2
(Tc∼ 45 K),46 electron-doped 112-type compound
Ca0.88La0.12Fe(As0.9Sb0.1)2 (Tc ∼47K),47 and the hole
doped 122 compound BaK122(Tc=38K)
48 are always
characterized by hPn = 1.35 ∼ 1.4A˚ and the bond
angle of Pn-Fe-Pn α ∼ 109.5◦, in which the local
lattice parameters of the FeAs layer are close to the
values for regular FeAs4 tetrahedron
2,3. Note that in
such compounds the T dependence of 1/T1T tends to
saturate towards Tc and/or show the broad maximum
above Tc, as reported in (Y0.95La0.05)1111(Tc=50
K),24,59 Ca4(Mg,Ti)3Fe2As2O8−y (Tc= 45 K),
60
Sr4(Mg0.3Ti0.7)2O6Fe2As2 (Tc=34 K)
61, and so on. As
for the 122 series, although the low energy AFM-SFs are
significantly observed in BaK12234,56–58, the relationship
between the Tc and QCP in the phase diagram was
not clearly revealed in Ba1−xKxFe2As2
56. In fact, as
shown in Fig.4(d), for example, the T dependence of
1/T1T for x ≥0.4 does not simply follow the Curie-Weiss
behavior of 1/T1T = a/(T + θ) + b
34,56, in contrast with
the cases of Sr122AsP and Ba122AsP6. Since the local
structure of BaK122 is optimized with the regular FeAs4
tetrahedron, we infer that the high degeneracy of 3d
orbitals may give some influences on the evolution of the
low energy AFM-SFs.
In this context, we remark that the AFM-SFs play an
important role for the onset of superconductivity in Fe-
pnictides widely, but they are not an unique factor for
reaching Tc=55 K in these compounds. When noting
that the highest value of Tc in Fe-based pnictides occurs
when the local structure is optimized with the regular
FeAs4 tetrahedron, some multiorbital-derived SFs may
play an important role due to the high degeneracy of 3d
orbitals. Recently, one scenario is theoretically proposed
that the high-energy multiorbital-derived SFs due to the
orbital degeneracy is a mediator for the sign reversal
6s±-wave superconductor in high Tc Fe-based pnictides.
62
The other possible scenario is that the cooperation of
ferro-orbital fluctuation at q ∼ 0 and AFM-SFs at q =
QAF enhances the Tc further within the framework of s±-
wave Cooper pairing state63. Some multi-orbital fluctu-
ations relevant with the degeneracy of 3d orbitals may
play some role for the onset of superconductivity64,65,
since the spin and orbital degrees of freedom might be
coupled one another.
V. SUMMARY
Systematic 31P-NMR studies on the single crystallines
SrFe2(As1−xPx)2 have revealed that the normal-state
property is dominated by the development of AFM-SFs
for the compound at x=0.35, but not for the compound
at x=0.6 that exhibits no SC transition. We remark that
the onset and increase of Tc are apparently associated
with the emergence and enhancement of AFM-SFs, re-
spectively.
The Tc for the sample at x=0.35 is enhanced from 26 K
up to 33 K by annealing the as-grown sample, resulting
in the significant reduction of RDOS. The fact that the
RDOS remains finite even for the annealed one indicates
that the subtle impurity scattering may induce the RDOS
at EF even in the very clean sample of Sr122AsP. These
normal and SC properties are consistently accounted for
by the s±-wave Cooper pairing model mediated by the
AFM SFs.22,23
We have also discussed about other key-ingredients be-
sides the AFM-SFs to increase Tc further. The highest
value of Tc=55 K in R1111OF is higher than the max-
imum of Tc∼33 K at QCP around hPn ∼ 1.32A˚. It is
known that the local structure of these compounds is op-
timized as the regular FeAs4 tetrahedron. Thus, the opti-
mization of the local structural parameters with the reg-
ular FePn tetrahedron are necessary for bringing about
the highest Tc in R1111OF through the additional ef-
fect such as the spin-oribital coupled fluctuations over
ranging low to high energies62 and/or some multiorbital
fluctuations due to the large degeneracy of 3d orbitals.
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